Introduction
============

The dismal prognosis of glioblastoma (GBM) and the continued lack of effective therapies demand innovation in novel treatment options. Currently, the standard of care consists of surgical resection in addition to temozolomide (TMZ) and radiation, which provide a survival benefit of only 6-8 months compared to surgical resection alone [@B1]. Moreover, recurrent GBM is more aggressive and almost uniformly fatal. Resistance to treatment is profound both at the time of diagnosis and after initiation of therapy [@B2], [@B3]. A major challenge for developing effective anti-GBM therapies is the severe limitation on targeted therapeutic delivery to tumor sites. The development of innovative methodologies aiming to effectively deliver new and existing therapeutics specifically to the malignant tissue are in urgent demand. Novel strategies must be implemented to shuttle therapeutics across the blood-brain barrier (BBB) to reach the adequate dosage accumulation in a poorly vascularized tumor mass.

The intranasal (IN) route of administration of therapeutics to target CNS pathology has become a rapidly growing focus of research, offering many potential benefits in the therapeutic delivery of anticancer agents. As a non-invasive route with strong potential for sustained and readily adjustable therapy, IN delivery has already demonstrated favorable efficacy and safety profiles for a variety of medical conditions [@B4], [@B5]. The IN delivery of therapeutics utilizes the unique nasal anatomy to improve targeted brain delivery through three routes of absorption: the olfactory nerves, the trigeminal nerves, and the nasal lymphatics/vasculature [@B4]. The nasal epithelium provides a direct connection to the olfactory bulb via the olfactory nerves across the cribriform plate, which bypasses the BBB and provides access to the limbic cortex and deep regions of the brain. The V1 and V2 branches of the trigeminal nerves innervate portions of the nasal cavity and provide a direct path to the pons and thalamus. Interestingly, the presence of stem cells in the olfactory bulbs and trigeminal nerves of mice after IN delivery has been recently documented, suggesting that stem cells can enter the brain via both routes [@B6], [@B7]. Finally, the nasal cavity is well-vascularized and might allow for direct entry of therapeutics into the circulation and then through the BBB into brain tissue.

Given these advantageous properties for therapeutic distribution in the brain, IN therapy has recently been explored for GBM [@B6], [@B8]. The IN delivery of stem cell carriers is of particular interest in GBM due to the tumor tropism and low immunogenicity of stem cells [@B9], [@B10]. The delivery of mesenchymal stem cell-based therapy via the IN route has previously been shown to be efficacious in models of GBM [@B8]. However, improving the efficiency of migration presents a continued challenge, as previous reports have shown that only a small fraction of stem cells reach the tumor [@B6], [@B8].

The brain targeting of therapeutic stem cells via IN delivery can be improved through temporary modifications to the nasal epithelium. The epithelium presents a multi-functional physiological barrier to substances entering the nasal cavity, most critically pathogens. The layered epithelium and junctions between the epithelial cells prevent the transmission of substances based on size, composition, and presence of a specific transporter. The apical nasal epithelia are also ciliated, another mechanism of clearing harmful pathogens from the body. Thus, balancing the permissive entry of desired agents with the adequate protection of the patient from harmful side effects or disease becomes the key challenge in devising effective IN delivery strategies.

In this study, we investigated two different strategies to enhance the efficiency of IN stem cell migration to GBM: the use of fibrin sealant (e.g., fibrin glue) to delay nasal clearance, and the administration of methimazole (MT) to reduce the thickness of the olfactory epithelium. Fibrin sealant is fibrin- and thrombin-based biodegradable glue clinically used in a variety of surgical applications, including neurosurgery. We sought to mechanically delay the rapid clearance of NSCs by ciliated epithelium from the nasal cavity using fibrin glue. MT is an FDA-approved medicine for hyperthyroidism with a unique side effect of temporary and reversible olfactory epithelium depletion [@B11], [@B12]. We sought to harness this particular side effect to prevent the clearance of NSCs from the nasal cavity and disrupt the barrier to olfactory nerve endings by administering MT before the IN delivery of stem cells. The terminally differentiated pseudostratified columnar apical epithelium of the nasal cavity is affected by MT, with preservation of the basal and horizontal stem-like cell layers [@B13]. The nasal epithelium is markedly depleted within the first 72 h and fully regenerates after approximately 7 days, although the thickness and architecture can remain abnormal for up to a month [@B13].

Here, we demonstrate that fibrin glue is able to delay the clearance of NSCs from the nasal cavity transiently. On the other hand, MT more durably improves the persistence of NSCs in the nasal cavity, consequently improving NSCs migration to tumor xenografts. Most importantly, we demonstrate that the improved penetration of NSCs to the brain confers a significant improvement in the survival of mice bearing GBM using IN delivery of oncolytic adenovirus (OV)-loaded NSCs. To our knowledge, this is the first report that attempts to optimize the IN delivery of stem cells to GBM via pharmacologic manipulation of the nasal epithelial barrier.

Materials and Methods
=====================

Cell culture
------------

HB1.F3.CD human neural stem cell (NSC) line was graciously provided by Dr. Karen S. Aboody (City of Hope National Medical Center and Beckman Research Institute, Duarte, CA). HB1.F3.CD cells were modified to express either green fluorescence protein (GFP) or firefly luciferase (fluc) via lentiviral transduction, designated in the text as NSCs-GFP or NSCs-fluc, respectively. U87MG glioma cell line was obtained from ATCC. Patient-derived GBM43 glioma xenograft line was kindly provided by Dr. David James (Northwestern University, Chicago, IL). All cell lines were maintained in Dulbecco\'s Modified Eagle Medium (DMEM, Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT) and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA) in a humidified 5% CO~2~ atmosphere at 37 ºC.

*NSC labeling with SPIOs*. NSCs were grown in a T75 cm^2^ flask (BD Biosciences, San Diego, CA) to about 80% confluency. NSCs were labeled with micron-size paramagnetic iron oxides (SPIOs) at 20 particles/cell (Bangs Laboratories, Fishers, IN) as we previously described in reduced serum Opti-MEM medium (Life Technologies, Grand Island, NY) [@B8]. After a 4 h incubation in a humidified 5% CO~2~ incubator at 37 ºC, the Opti-MEM medium with excess SPIO was aspirated and replaced with DMEM media containing 10% FBS.

*NSC loading with OV.* NSCs were previously modified to overexpress C-X-C chemokine receptor type 4 (CXCR4), which has been shown to facilitate the successful migration of NSCs to the brain [@B14]. NSCs were grown in a T75 cm^2^ flask (BD Biosciences, San Diego, CA) to about 80% confluency. NSCs were then loaded with the oncolytic virus CRAd-S-pK7 at 10 or 50 viral particles (vp) per cell using a previously published protocol [@B9]. These NSCs are referred to as NSCs-OV and were utilized *in vitro* and in the survival study.

Animal studies
--------------

All animal studies were approved by the Institutional Committee on Animal Use at the University of Chicago or Northwestern University. Six to eight-week-old male athymic nude mice were obtained from Harlan Laboratories (Indianapolis, IN) and maintained in a barrier facility at the University of Chicago or Northwestern University. All surgical procedures were completed in accordance with NIH guidelines on the care and use of laboratory animals for research purposes. Intracranial xenografts were established in the right frontal lobe as previously described [@B8].

Animals assigned to fibrin glue experimental groups were given 3 µL of fibrin glue via IN injection immediately following NSCs administration. Fibrin glue was modified as follows: the thrombin part of fibrin sealant was diluted to 5U/mL in order to achieve a delay of about 30 s in the formation of the fibrin sealant after mixing the two reagents.

Animals assigned to MT experimental groups were given intraperitoneal (i.p.) injections of 50 µg/g MT (Sigma-Aldrich, St. Louis, MO) in 100 µL of sterile phosphate buffered saline (PBS) 48 h prior to NSCs administration.

*Administration of NSCs* was performed for all studies as follows: mice were anesthetized with an i.p. injection of 0.2 ml of a stock solution containing ketamine HCl (25 mg/mL), xylazine (2.5 mg/mL), and PBS (Hyclone, Logan, UT) and placed in the supine position. NSCs were inoculated into the nasal cavity in 3 separate 4 µL aliquots at 5 min intervals, totaling 5x10^5^ cells.

*Bioluminescent imaging (BLI) of NSCs* in vivo. NSCs-fluc in the nasal cavity were detected using the Xenogen IVIS 200 system (Perkin-Elmer, Waltham, MA). Mice were injected i.p with 150 µL (4.5 mg) of D-luciferin sodium salt (Gold Biotechnology, St Louis, MO). An additional 3 µL was placed in each nostril to assist with the detection of cells. Animals were imaged 10 min later, allowing for D-luciferin circulation and uptake, with the signal recorded in photon counts. The localization of NSCs-fluc in the nasal cavity was analyzed at 0, 6 and 24 h after injection. Calculations were performed by drawing the region of interest (ROI) and measuring of the normalized luminescent signal within ROI for each assessed time point.

*Administration of NSCs-fluc to investigate persistence in the nasal cavity.* Animals without tumors were separated into control, fibrin glue, and MT groups (n=5). All animals were inoculated with NSCs-fluc via IN delivery, as described above. Experimental groups were treated as described above. Control mice received 100 µL of PBS via i.p. injection. Live BLI was used to assess the survival and persistence of NSCs in the nasal cavity at 0, 6, and 24 h after inoculation.

*Administration of SPIO-loaded NSCs to track migration towards glioma xenografts.* U87MG or GBM43 intracranial xenografts were injected and allowed to engraft. Animals were separated into control and MT groups. Experimental MT groups were treated as described above. Control mice received 100 µL of PBS via i.p. injection. Mice were euthanized 48 h following SPIO-loaded IN NSC inoculation, and sagittal and axial sections were prepared for Prussian blue staining, as described below.

*Administration of NSCs-GFP to track migration towards patient-derived GBM43 xenografts.* GBM43 glioma cells were injected intracranially and allowed to grow for at least 7 days. Animals were separated into two groups and treated either with PBS or MT as described above. In 48 h, NSCs-GFP were introduced in animals via IN delivery, and the mice were euthanized two days later. Sagittal and axial sections were prepared for histological analysis and fluorescent microscopy as described below.

*Survival study.* In order to understand if an increase in the number of NSCs migrating to glioma tumors after MT treatment translates to survival advantage, we loaded NSCs with CRAd-S-pK7 oncolytic virus, the approach well established in our previous studies [@B9], [@B15]. Animals were separated into control, NSCs-OV, and MT+NSCs-OV groups (n=8). Five days after intracranial injection of GBM43 glioma cells, the MT+NSCs-OV experimental group was administered MT as described above. Control and NSCs-OV mice received 100 µL of PBS via i.p. injection. IN treatments with either PBS or NSCs-OV were carried out 48 h following MT injection. This treatment regimen was repeated once a week twice; i.e., experimental mice received three IN treatments of NSCs-OV. The animals were followed for neurological symptoms consistent with NIH guidelines and euthanized at the appropriate endpoints. No adjuvant therapy was utilized in addition to our experimental therapy.

MRI acquisition
---------------

Eight mice bearing GBM43 xenograft tumors were divided into three cohorts: control (n=2), NSCs+saline (n=3) and NSCs+MT (n=3). All mouse cohorts were scanned at baseline (pre-treatment with NSCs) and 24, 48, and 120 h post-treatment with NSCs. During MRI, animals were anesthetized using isoflurane mixed with 100% O~2~ (1.5-2% concentration). The MRI acquisitions were performed using a 7 Tesla MRI scanner (ClinScan, Bruker) operated with the Syngo MR VB15 user interface (Siemens) and equipped with a 12-cm gradient (strength 290 mT/m and slew rate 1160 T/m/s). We employed a cross-coil configuration with a 4-channel receiver mouse head surface coil and a quadrature transmitter volume coil. The imaging protocol included a localizer, 3 2D-TSE (turbo spin echo) oriented along the three main axes (coronal, axial and sagittal; TR/TE = 1560/40 ms; voxel size = 0.074x0.074x0.7 mm^3^) for morphological references and a 3D-FLASH-MGRE (fast long angle shot multi-gradient echo; TR = 40 ms; TEs = 2.51, 6.04, 9.57, 13.1 ms; flip angle = 15; averages = 6; matrix = 152x256x44; voxel size = 0.15x0.15x0.16 mm^3^) for measurement of T2\*.

Image Analysis
--------------

The region of interest (ROI) delineations were performed using ITK-SNAP vs. 3.6.0 software and custom MatLab (R2017a) scripts. For anatomical reference, we generated an average image from the four echoes images. This image was used to generate binary brain-masks and tumor ROIs employing a semi-automated thresholding delineation algorithm (ITK-SNAP). After applying brain-masks to each 3D-FLASH-MGRE image, we computed whole-brain T2\* and R2\* maps. Finally, the mean R2\* values were extracted from tumor ROIs for all R2\* relaxation time maps.

Histology, fluorescent microscopy, and confocal microscopy
----------------------------------------------------------

*Preparation of sagittal and axial sections.* To analyze the distribution of NSCs in the nasal cavity and their migration across the cribriform plate to xenograft tumors, we performed sagittal section preparations to expose the nasal epithelium. Mice were perfused with 5 mL of 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer. Whole mouse heads were then post-fixed in 4% PFA overnight at 4 ºC and then dehydrated in 30% sucrose solution for 24h. The skin, jaw, and cranium were dissected away to expose the whole brain and nasal cavity, which was then embedded in OCT compound (Sakura Finetek USA, Inc., Torrance, CA), divided along the midline using a TechniEdge razor blade (IDL Tools, Kenilworth, NJ) and preserved at -80 ºC until cryosectioning. Sagittal sections (10 µm thick) were collected on a Microm cryostat (Model HM505E, Leica Biosystems, Buffalo Grove, IL). To analyze the migration of NSCs toward and their coverage of xenograft tumors, we prepared axial sections (10 µm) of mouse brains. Brain tissue was collected after perfusion as described above, and all fixed brain tissues were embedded, cryosectioned, and mounted on slides for histological (H&E) and fluorescent microscopic analyses.

*Detection of SPIOs.* All chemicals were acquired from Sigma-Aldrich (St. Louis, MO) unless noted otherwise. NSCs labeled with SPIOs were visualized with Prussian blue staining according to previously published work [@B8]. Frozen 10 µm fresh brain sections were fixed in 4% PFA for 10 min, washed thrice in PBS, stained with potassium ferrocyanide trihydrate, and counterstained with a nuclear Fast Red stain (Vector Laboratories, Burlingame, CA) [@B8]. Digital image files were created with a 3D Histech Pannoramic Scan whole slide scanner (Perkin Elmer, Waltham, MA) utilizing a Zeiss AxioCam MRm CCD camera (fluorescence) (Carl Zeiss Microscopy, Thornwood, NY). Individual images were compiled with the 3D Histech Pannoramic Viewer software (Perkin Elmer, Waltham, MA).

*Confocal microscopy.* GBM43/NSCs-GFP tissue specimens were visualized via confocal microscopy using blue (405 nm) and green (488 nm) excitation lasers to obtain representative images of tumors and tumor-tropic NSCs-GFP cells. Three brains of animals per group were frozen and sectioned. Images were captured and processed (20 observations per group) with a 3i Marianas Yokogawa-type spinning disk confocal microscope employing an Evolve EM-CCD camera (Photometrics, Tucson, AZ) running on SlideBook v5.5 software (Intelligent Imaging Innovations, Denver, CO) at the Integrated Microscopy Core Facility at the University of Chicago.

*Cytotoxicity assay.* The dose-effect of MT on the viability of NSCs, U87MG glioma cell line or patient-derived xenograft, GBM6 and GBM43, lines was assessed using standard XTT (Roche Diagnostics) assay per manufacturer\'s protocol. A trypan blue exclusion method has been utilized to determine the effect of concurrent treatment with MT and OV on the viability of GBM43 cells *in vitro*.

*Quantification of NSCs tumor-tropic migration.* Serial sections of GBM43/NSCs-GFP tissue specimens were analyzed. Ten high power (20X) image fields per mouse were randomly selected and analyzed. The GFP and hNestin (red) signals visualizing NSCs and GBM43 glioma cells, respectively, were quantified in each digital image based on uniform intensity ranges determined against background signal levels using the histogram function in Adobe Photoshop^TM^ software (Adobe Systems Inc., San Jose, CA). Unbiased comparisons were done using 30 digital images collected from three animals per treatment group.

*Evaluation of intratumoral delivery of viruses by NSCs.* Five days post IN delivery of NSCs loaded with OV, animals were euthanized and brain tissue processed for analysis. Viral payload was determined by hexon fluorescent staining as previously described [@B14]. Quantification of mean fluorescence intensity (arbitrary units, AU) of DAPI and hexon signal was done using Image J Software (NIH, Bethesda, Maryland) [@B16]. The intensity of the hexon signal was normalized with the intensity of the DAPI signal. Three fields per section, of six sections (n=6) for each of the three animals (n=3) in both experimental groups, with or without MT, were analyzed.

Statistical considerations
--------------------------

All statistical analyses were performed using GraphPad Prism 4 (GraphPad Software Inc., San Diego CA). Differences among groups were evaluated using either parametric or nonparametric Student\'s *t-*test or two-way analyses of variance, followed by post hoc correction as appropriate. For the *in vivo* data, survival curves were generated via the Kaplan-Meier method, and a log-rank test was applied to compare the distributions of survival times. All reported *p* values were two-sided and were considered to be statistically significant at*p*\<0.05.

Results
=======

Fibrin glue and MT treatments prolong the persistence of NSCs in the nasal cavities of mice
-------------------------------------------------------------------------------------------

In our studies, we explored two strategies to enhance IN delivery of therapeutic NSCs to glioblastoma through (i) the administration of fibrin glue to seal stem cells over the nasal epithelia, and (ii) the delivery of MT to decrease the thickness of the epithelial barrier (Figure [1](#F1){ref-type="fig"}). NSCs presence in the nasal cavity was detectable in animals of both treatment groups within 30 min (0 h) after IN administration of fluc-expressing NSCs as measured by BLI. However, a time-dependent decrease in the number of cells present was evident at 6 and 24 h. Scaled images were compared for control, fibrin glue and MT groups, with radiance as the qualitative measure of the number of surviving cells. Fibrin glue was found to have a small positive effect on the persistence of NSCs-fluc after IN injection when compared to the control treatment. Fibrin glue-treated mice exhibited a higher radiance at 6 h than in control animals with no discernible difference at 24 h (Figure [2](#F2){ref-type="fig"} A-C). However, a significantly improved persistence of NSCs was observed in the MT group as compared to the control mice at both 6 and 24 h post IN treatment (*p*\<0.001, Student\'s t-test). The difference at 24 h was remarkable in MT-treated animals, with radiance at \~10^7^ compared to at \~10^3^ in both control- and fibrin glue-treated animals. Given that MT was found to significantly increase the persistence of NSCs within the nasal cavity for 24 h when compared to both the fibrin glue and control groups, the pretreatment with MT was selected as the key strategy for enhancing the delivery of NSCs to the brain via the IN route in all subsequent experiments.

MT treatment in mice compromises the integrity of the olfactory epithelial barrier between the nasal cavity and brain
---------------------------------------------------------------------------------------------------------------------

It has been previously reported that treatment of mice with MT disrupts differentiated cells of the olfactory epithelium [@B12], [@B17]. Therefore, we aimed to determine if changes induced in the nasal epithelium by MT administration also affect the ability of NSCs to migrate from a nasal cavity to the brain through the cribriform plate. The integrity of nasal epithelium over the cribriform plate was compared in control and MT-treated mice using H&E staining and confocal microscopy. Indeed, MT treatment induced the depletion and sloughing of the nasal epithelium (Figure [2](#F2){ref-type="fig"} D). This was demonstrated by the presence of gaps between cells and loss of the typical epithelial pseudostratified columnar architecture, whereas the basal layer comprised of horizontal and round stem cells was morphologically intact. Confocal, high-power images of the cribriform plate in the nasal cavity demonstrated that GFP-expressing NSCs were mostly present near the basal layer or basement membrane of the epithelium in control mice in 48 h after IN treatment with NSCs. In MT-treated animals, NSCs-GFP were observed traversing the cribriform plate along the path of the olfactory nerves (Figure [2](#F2){ref-type="fig"}E).

MT does not affect the survival of mice bearing intracranial GBM43 PDX tumor
----------------------------------------------------------------------------

MT treatment causes robust damage to olfactory epithelium within the first 24 h after treatment [@B11]. Therefore, we aimed to understand if MT also directly affects the viability of glioma cells or NSCs (carriers of the oncolytic virus to glioma tumors). All three glioma cell lines and NSCs were treated *in vitro* with MT at 0-500 μg/mL for 24 h. The viability of cells was evaluated by an XTT assay. Figure [3](#F3){ref-type="fig"}A shows that MT is not toxic to either NSCs or other glioma cells at any tested concentration, while GBM43 cells are more sensitive to MT treatment. A statistically significant decrease in the viability was observed after treatment with 31-500 μg/mL of MT (*p*\<0.0001, two-way ANOVA), but not in the 0-31 μg/mL concentration range.

Next, we assessed whether MT increases the response of GBM43 cells to the oncolytic activity of CRAd-S-pK7 in GBM43 cells. The concentration of MT at 60 μg/mL is similar to *C*max in mice treated with a single i.p. a dose of MT at 50 μg/g of body weight [@B11]. Therefore, this dose was chosen for the experiment. Although dose-dependent toxicity was observed in GBM43 cells (*p*\<0.0001, two-way ANOVA) due to replication of the oncolytic virus, CRAd-S-pK7, in agreement with our previous studies [@B9], concurrent treatment with MT did not affect the oncolytic activity of the virus in GBM43 cells (Figure [3](#F3){ref-type="fig"} B).

Finally, in the next set of experiments, we assessed whether treatment with a single dose of MT affects the survival of animals bearing GBM43 intracranial tumors. Mice bearing GBM43 tumors were treated with a single i.p. injection of MT at 50 μg/g of body weight, a concentration shown to achieve an effective disruption of the nasal epithelium (Figure [2](#F2){ref-type="fig"}D). The log-rank test analysis shows that there is no difference between the control and MT-treated groups of mice in survival (Figure [3](#F3){ref-type="fig"}C). Collectively, these data show the lack of MT-induced toxicity *in vitro* and *in vivo* at a concentration comparable to plasma *C*max reported in wild-type mice [@B11].

MT treatment enhances the migration of NSCs towards intracranial glioma xenografts
----------------------------------------------------------------------------------

We used magnetic resonance imaging (MRI) to quantify the effect of MT treatment on the migration of SPIO-loaded NSCs by acquiring 3D whole anatomical and R2\* brain images. We observed significant localized decreases in signal intensity and corresponding increases in R2\* values in all mice treated with MT, reflective of the presence of SPIO\'s (Figure [4](#F4){ref-type="fig"}A, white arrows). The changes in R2\* were minimal in the mouse brains administered with NSCs only and utterly absent in the control group (Figure [4](#F4){ref-type="fig"}B). The distribution of SPIO-induced signal (areas of increased R2\* are depicted in red) is also shown in the 3D rendering of a representative animal from the MT group (Figure [4](#F4){ref-type="fig"}C). This 3D depiction also shows the morphometry of the tumor (depicted in blue). A sample MRI R2\* map generated from the MRI data is shown on the right of the corresponding anatomical image in Figure [4](#F4){ref-type="fig"}D. Quantification of SPIO-labeled NSCs accumulation in tumor xenograft was achieved by averaging for each group the R2\* values extracted from the tumor region and plotting these values as a function of time after treatment (Figure [4](#F4){ref-type="fig"}E). The longitudinal quantitative analysis of R2\* signals demonstrated that accumulation of NSCs in tumor tissue is significantly higher in MT-treated animals as compared with saline-treated control mouse brains (Figure [4](#F4){ref-type="fig"}E; *p*\<0.05, two-way ANOVA) and is maximal at 120 h after administration. These findings were corroborated with a pattern of Prussian blue (Figure [4](#F4){ref-type="fig"}F) stain, which confirmed the presence of SPIO-labeled NSCs in the tumor and peri-tumoral regions as indicated by MRI. A negligible number of stained particles were noted in other regions of the brain. Thus, these findings further supported our hypotheses.

In order to further validate our findings, we next examined sections of brains with GBM43 glioma xenografts from animals treated with IN NSCs-GFP. We compared the NSCs\' migration to xenograft tumors between the control and MT treated groups at 48 h after NSCs inoculation. The GFP signal was increased in the tumor and peritumoral regions in animals of the MT treatment group (Figure [5](#F5){ref-type="fig"}A & B) representing improved migration following the remodeling of the epithelial barrier. The GFP signal was nearly four times higher in the MT treatment group as compared with the control group (Figure [5](#F5){ref-type="fig"}C, *p*\<0.05, Student\'s *t*-test). This effect was not a result of the difference in tumor size, as the hNestin signal (a predominant marker of tumor cells *in vivo*) was not significantly different between the two groups. These findings confirm that a marked increase in NSCs migration to intracranial patient-derived xenograft tumors is achievable with MT treatment of the olfactory epithelium.

IN-delivered NSCs loaded with oncolytic virus significantly improve survival in MT-treated animals
--------------------------------------------------------------------------------------------------

Our experiments show that the disruption of the epithelial barrier promotes the migration and accumulation of NSCs within intracranial GBM xenografts. We, therefore, examined if this could translate into an improved delivery of the anti-tumor OV payload by NSCs and achieve enhanced therapeutic benefit. The staining of brain tissue sections for the expression of the hexon viral protein revealed a significantly higher presence of OV in glioma tissue after pre-treatment of animals with MT (Figure [6](#F6){ref-type="fig"}A, *p*\<0.001, Student\'s *t*-test). The quantitative analysis confirmed a significantly increased signal in the MT group as compared to control (Figure [6](#F6){ref-type="fig"}B). Finally, the therapeutic efficacy was assessed in mice with aggressive intracranial patient-derived GBM43 glioma xenografts. We observed a median survival of 23 days in the control group, and treatment with NSCs-OV alone did not significantly prolong the survival of animals (extension of the median survival of 0.5 days). However, animals in the MT+NSCs-OV group survived significantly longer to a median of 28 days (Figure [6](#F6){ref-type="fig"}B; 5-day extension, *p*\<0.05, log-rank test). These data confirm our hypothesis that the depletion of olfactory epithelium using MT prior to IN delivery improves migration of therapeutic NSCs to tumors, increases OV dosage delivered to the tumor, and prolongs the survival of animals with aggressive GBM xenografts.

Discussion
==========

Despite the abundant investigations for actionable treatment mechanisms and translational therapies, GBM remains a fatal disease with no cure. The complex pathogenesis and genetic evolution of GBM enable evasion from various treatment modalities that underlie its aggressive recurrence. Over a decade ago, stem cells emerged as promising vehicles for GBM therapy due to their intrinsic tumor tropism and the ability to deliver therapeutics while shielding the cargo from systemic immune responses [@B10]. NSCs used in our studies have been shown to be safe in GBM patients [@B18]. We have also demonstrated in our preclinical studies that NSCs can effectively deliver oncolytic virotherapy upon local injection in brain tumor xenografts, resulting in survival benefit in mouse models of GBM [@B9], [@B19]. Currently, this therapeutic modality is being evaluated in patients with newly diagnosed GBM in phase I clinical study (NCT03072134). We have also actively explored the IN delivery route for stem cell therapeutics due to its potential for repeatable non-invasive treatments. We have shown that stem cells are capable of delivering therapeutically effective anti-glioma treatments via the IN route, which synergizes with radiation therapy, a key component of GBM standard of care [@B8]. However, in these studies, we observed swift clearance of stem cells from the nasal cavity. Given that the therapeutic potency hinges largely on the level of stem cell arrival at the tumor loci, we hypothesize that strategies delaying stem cell clearance and improving persistence in the nasal cavity improve the level of stem cell migration across the epithelium to penetrate the brain parenchyma and tumor mass. Beyond its primary functions of relaying sensory information while filtering, warming, and humidifying air entering the nasal cavity, the nasal epithelium also stands as a key barrier to prevent infectious pathogen entry to the intracranial compartment [@B20]. The epithelial barrier also prevents the entry of environmental and other toxins via the secretion of thick mucus and the coordinated motile cilia movements to regularly remove foreign substances, passing on mucus over the course of several days [@B20]. Due to the extended time that stem cells need to traverse the nasal epithelium, stem cell-based therapeutics are severely limited by nasal clearance. Thus, in this study we explored the strategy of delaying clearance of stem cells using two FDA approved compounds, fibrin glue and MT, to promote the migration of NSCs to tumor xenografts and delivery a potent therapeutic payload (Figure [1](#F1){ref-type="fig"}).

Fibrin glue forms a solid framework to which NSCs can adhere, counteracting the normal clearing activity of ciliated epithelium; the sealant was observed to delay the clearance of NSCs, albeit only for 6 h after inoculation. MT treatment of animals is known to temporally disrupt the olfactory epithelium [@B11], [@B12], [@B17] and was anticipated to increase the number of NSCs passing through the olfactory barrier. Interestingly, we found that MT is superior to fibrin glue in delaying clearance of NSCs from the nasal cavity for up to 24 h after administration, perhaps by slowing the efficient mucus production and the ciliated epithelial villi movements, in addition to known phenomenon of the thinning of the nasal barrier.

MT treatment has been shown to impact terminally differentiated epithelial cells primarily, while stem cells are largely preserved, allowing for regeneration [@B11], [@B12], [@B21]. The effect of dying epithelial cells on the local milieu remains to be elucidated. Aging epithelial cells are naturally shed into the nasal cavity and are replaced by new cells emerging from the basal layer of epithelium. The chemotactic activity of factors released from dying epithelial cells on NSCs migration from and within the nasal cavity has not been studied. It is also plausible to hypothesize that basal and horizontal stem-like cells rapidly replacing damaged epithelium [@B13] secrete soluble tropic factors to support the persistence and survival of NSCs within the nasal cavity. Dai et al. showed that the NOTCH signaling hub, also important for the function of NSC pools [@B22]-[@B24], mediates the recovery of olfactory epithelium after MT induced injury [@B25]. Confirmation of these mechanisms may allow for further enhancement of NSCs vitality and augment the targeted delivery of therapeutic agents to the brain.

We demonstrate that MT pretreatment led to the depletion of the nasal epithelium which opened a pathway for NSCs to traverse into the brain parenchyma before the epithelium regenerated. Our histology analysis confirmed that epithelial depletion is associated with the enhanced persistence of NSCs in the nasal cavity of mice that were treated with MT (Figure [2](#F2){ref-type="fig"}). Using quantitative high-resolution 3D MRI R2\* maps, we demonstrate that SPIO-labeled NSCs accumulate throughout the glioma tissue regions significantly better after depletion of the epithelial barrier with MT (Figure [4](#F4){ref-type="fig"}). Furthermore, we were able to confirm enhanced penetration of NSCs to the brain and accumulation in tumor xenografts by utilizing NSCs expressing GFP (Figure [5](#F5){ref-type="fig"}). The ability to track the migration of SPIO labeled NSCs movements *in vivo,* longitudinally and quantitatively in three dimensions, provides a unique tool to accurately study the IN delivery efficiency of stem cells. It might also help to drive improvements in the therapy by providing insight into the timing of migration. Other clinically-relevant imaging modalities such as a single-photon emission computerized tomography (SPECT) or a positron emission tomography (PET) could be utilized for tracking stem cells. Recently, we have developed the SPECT-based technology for the analysis of stem cells migration within the brain using radiolabeled nanoparticles [@B26]. This approach can provide not only reliable quantitative measurements, but also visualize pathways IN-delivered stem cells utilize for movement from the nasal cavity to the brain.

In a recent clinical study, patients with incurable cancers, including GBM, were treated with MT along with 3,3′,5-triiodo-L-thyronine for several weeks to induce hypothyroxinemia [@B27]. A significant improvement in actual versus expected survival was observed in 83% of patients (19 of 23 patients). Longer survival in the hypothyroid group of patients with recurrent GBM (10.1 months versus 3.1 months, *p*= 0.03) was observed in a recent phase I/II study [@B28]. Therefore, we first investigated if MT can induce a survival benefit in glioma-bearing mice. Our data demonstrate no survival advantage in MT-treated mice when compared with untreated control animals (Figure [3](#F3){ref-type="fig"}). However, unlike in clinical studies, our treatment regimen consisted only of a single dose of MT. IN treatment with NSCs-OV followed by disruption of olfactory epithelium resulted in significant improvement in the survival of animals bearing aggressive patient-derived glioma xenografts, in comparison to control animals. Our *in vitro* data also reveal that MT does not enhance the oncolytic activity of OV in glioma cells (Figure [3](#F3){ref-type="fig"}B). The therapeutic effect of NSCs-OV is likely due to a larger number of these cells reaching the tumor mass, as demonstrated by MRI (Figure [4](#F4){ref-type="fig"}) and quantification of the viral hexon protein (a measure of OV payload) within glioma tumor (Figure [6](#F6){ref-type="fig"}). Importantly, this survival benefit was achieved independently of any additive effect that may occur when this novel therapy is supplemented to the current standards of care. Limitations imposed by small rodent preclinical models include and not limited to: (i) anatomical differences in the nasal and olfactory systems between humans and mice discussed in more details in prior studies [@B14], [@B20]; (ii) inability of OV to replicate in murine glioma, thus limiting studies to mice bearing human xenograft tissue with deficient immune system; and (iii) using stem cells of human origin in mouse models of GBM. Nevertheless, our findings show exciting potential for clinical translation as they establish the platform strategy to deliver effective therapies that bypass the BBB, and avoid the challenges associated with systemic therapy. Furthermore, this mode of therapy may be well-suited to address other brain tumor types with anatomical advantages, e.g. various skull base and sellar neoplasms.

Clinically, MT has a relatively mild side effect profile even with repeated administrations that last over months and years. The approach to transiently open up the nasal epithelial delivery pathway is a novel strategy which might have significant beneficial clinical implications in the context of GBM. Further refinement of this combined non-invasive IN administration and in vivo tracking (3D MRI) of NSCs migration can potentially allow for the increased efficiency and precision of these therapies at the clinical stage and might offer additive benefits to the current standard of care for inoperable tumors. As described earlier, stem cells administered intranasally take more than one path to neoplasms. This broadens their clinical applicability to tumors located in inoperable, vital regions such as the brain stem (pontine glioma). It is now established that stem cells can be loaded with therapeutic agents and directed to migrate to intracranial tumors [@B6], [@B8], [@B10]. However, to deliver therapeutically relevant doses of anti-cancer agent, we must continue to improve the efficiency of stem cell migration. Advanced *in vivo* imaging technologies can further provide insights into the spatiotemporal dynamics of NSCs behaviors. Future investigations can address the detailed physiological mechanisms underlying the impact of MT on nasal epithelium to enhance chemotaxis [@B14], [@B29]. To our knowledge, this report is the first attempt to improve intracranial NSCs migration through the manipulation of the nasal epithelial barrier, with *in vivo* imaging confirmation, *ex vivo* pathology validation, and survival benefit in rodent models of GBM.

Conclusions
===========

The IN route of delivery for anti-tumor NSCs is proven suitable for GBM and has remarkable potential for translation to future therapies. However, this treatment modality is limited by the body\'s natural defenses that prevent entry through the nasal epithelium into the intracranial compartment. Although NSCs administered IN are still able to gain access to intracranial tumors, the fast clearance and olfactory epithelium barrier limit the efficacy of therapy. Pretreatment with MT temporarily depletes the nasal epithelium, reducing the clearance of NSCs and integrity of the barriers they must cross. As more NSCs are able to migrate to the tumor and deliver the therapeutic payload, improved survival of GBM-bearing mice is achieved, providing an encouraging platform for future development of non-invasive therapies to fight against malignant brain tumors.
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![**Schematic of strategies to enhance IN delivery of therapeutic neural stem cells (NSCs) to glioblastoma**. **A**, The biocompatible 3 dimensional structure of fibrin glue is utilized to seal NSCs in a nasal cavity to delay clearance and enhance persistence. **B**, The effect of MT on the disruption of the olfactory epithelium barrier is utilized to improve the brain entry of NSCs through olfactory route.](thnov09p2071g001){#F1}

![**The effect of MT and fibrin glue treatments on the persistence of NSCs in the nasal cavity of mice. A**, Representative BLI images of animals after IN delivery of NSCs-fluc from each of the treatment groups (PBS control, fibrin glue, and MT). **B**, Quantitative measurements of the persistence of NSCs-fluc in the nasal cavity after MT treatment (n=5, \*\*\**p\<*0.001, Student\'s t*-*test). **C**, Quantitative measurements of the persistence of NSCs-fluc in the nasal cavity after fibrin glue treatment (n=5, \*\*\**p*\<0.001, Student\'s t-test). **D**, Sagittal sections of representative mouse brains bearing U87MG tumors in PBS control (top) and the MT group (bottom) with the cribriform plate (red dashed lines) shown, delineating the olfactory bulbs and the nasal cavity. Histology confirms that MT induces disruption of the olfactory epithelium (red boxes). **E**, Fluorescent microscopy images of the cribriform plate area (red dashed outline indicates areas where DAPI does not stain calcified bone structure) show improved migration of NSCs-GFP (green cells and yellow arrows) from the nasal cavity to the brain, as compared with non-treated group.](thnov09p2071g002){#F2}

![**The effect of MT on the viability of glioma cells *in vitro* and *in vivo*. A,** U87MG (*p*≥0.05), GBM6 (*p*≥0.05), GBM43 glioma cells (\*\*\*\**p*\<0.0001) and NSCs (*p*≥0.05) were treated with MT at 0-500 μg/mL for 24 h. The viability of cells was measured using an XTT assay. Data presented as mean±SD, n≥4, two-way ANOVA. **B**, Oncolytic properties of CRAd-S-pK7 were evaluated in the presence of MT at 60 μg/mL. GBM43 cells were infected at 10 and 50 infectious units (i.u.) of virus per cells, n≥4, \*\*\*\**p*\<0.0001 and *p*≥0.05 for the oncolytic activity of virus alone and in the presence of MT respectively; two-way ANOVA. **C**, Mice bearing GBM43 PDX glioma tumors were treated with a single i.p. injection of saline or MT at 50 μg/g of body weight 5 days after tumor implantation. The survival of animals was recorded and analyzed using a log-rank test (n=7 per group).](thnov09p2071g003){#F3}

![**Magnetic Resonance Imaging (MRI) tracking NSCs\' tumor infiltration. A**, Representative MRI slice of an MT-treated mouse and a Saline (Sal) control at 120 h post administration. **B**, MT+NSCs shows the drastic localized decrease in signal hyperintensity within the tumor as compared to Sal+NSCs (white arrows and red dashed lines outlining the possible accumulation of labeled NSCs in blow-up inset figure which also depicts the outline of tumor region in blue). A small decrease in tumor signal is also observed in a control saline-treated group which is likely reflective of less efficient homing of NSCs. **C**, 3D rendered image of a representative MT+NSCs mouse head outline, with a superimposed three-dimensional morphometric depiction of the tumor (Blue) and of the region within the tumor with NSCs accumulation (red). **D**, A representative MR sagittal slice for one of the MT+NSCs mice is also shown alongside the corresponding R2\* map. High R2\* regions correspond to accumulated SPIOs. **E**, Plot showing the average R2\* from each group at each time point extracted from tumor region (*p*\<0.05, n=3, two-way ANOVA). **F**, Representative sagittal section of the MT-treated mouse brain, (enlarged from the boxed region of F), shows tumor mass (blue dashed outline) and the NSCs (blue dots) shown after Prussian blue staining.](thnov09p2071g004){#F4}

![**Analysis of the tumor tissue for the presence of NSCs after IN delivery in control and MT-treated groups.** Using confocal microscopy, the presence of NSCs-GFP (green) in human GBM43 xenografts stained for hNestin (red) was analyzed to assess the ability of IN delivered NSCs to reach the tumor burden. The NSCs-GFP (green) that migrated to the tumor site were quantified based on the relative percentage of pixels shown as green over the total pixels shown as red per visual field. Significantly higher relative densities of NSCs-GFP are seen in (**A**) the brain tissue of MT-treated mice than those in (**B**) control, PBS-treated mice. **C,** \*\*\**p\<0.001*, Student\'s *t-*test).](thnov09p2071g005){#F5}

![**Disruption of the nasal epithelial barrier improves the survival of animals after IN delivery of NSCs loaded with OV. A,** Representative images of GBM43 tissue sections from the brain of mice which received IN OV-NSCs therapy. GBM43 is visualized by staining for hNestin (red), whereas viral protein is visualized by staining for hexon protein (green). Nuclei of cells are visualized by DAPI (blue). **B,** Quantification of hexon signal (normalized to DAPI, \*\*\*p\<0.001, Student\'s t-test). **C,** Mice implanted with GBM43 PDX glioma cells were treated 5 days later with either saline or MT via i.p. injection. Two days later, animals were IN treated with OV-loaded NSCs. The IN treatment was repeated twice at one-week intervals. The survival of animals was recorded and analyzed using the log-rank test (n=8-9 per group \* p\<0.05).](thnov09p2071g006){#F6}
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